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Chapter 1Exeutive SummaryThe primary physis goal of MiniBooNE is to on�rm or rule out the LSND ��� ! ��eosillation observation with high signi�ane. In the 2003 Run Plan doument [1℄presented to the PAC, we outlined the need for 1 � 1021 protons on target (POT)to ahieve this goal. In this doument, we present an addendum to our run plan for�sal year 2006 (FY2006).The ��! �e appearane analysis is urrently in progress. We antiipate havinga result in the autumn of 2005 using data taken through the �sal year 2005 run.Based on this result, we will deide how to proeed. There are three possible se-narios: strong on�rmation, strong exlusion, or an inonlusive result [1℄. There aretwo possible modes for ontinued running: the �rst is to ontinue running in neutrinomode, and the seond option is to hange the polarity of the magneti horn and runin antineutrino mode. We will deide between these modes depending on the outomeof our �e analysis.If the result is inonlusive, the FY2006 run would ontinue in neutrino mode withthe goal of a de�nitive result as disussed in the Run Plan doument [1℄. If Mini-BooNE strongly on�rms LSND, the next step would be an aurate measurementof the osillation parameters, whih will ultimately be ahieved with the addition ofone or more detetors (BooNE). While planning for BooNE, we may ontinue to runin neutrino mode, as MiniBooNE is expeted to be statistis limited up to 2 � 1021POT, or we may swith the polarity of the horn and run in antineutrino mode. Inthe ase of a strong exlusion of the LSND osillation in neutrino mode, we wouldhoose to begin an antineutrino run in FY2006. As this doument will show, one yearof antineutrino running will produe signi�ant new physis results, inluding a ���disappearane osillation searh and the world's only ��� ross setion measurementsin this energy region. The sensitivity of the ��� disappearane osillation analysis ex-tends an order of magnitude lower than the urrent bound of �m2 � 10 eV2. Crosssetion measurements of ��� harged urrent quasi-elasti sattering and single pionprodution, where urrent unertainties are greater than 30%, an be made with bet-ter than 10% statistial preision. These results will leverage analyses performed inneutrino mode to onstrain bakgrounds and ontamination from ��-indued events.This year of antineutrino running may also serve as the �rst installment of a longer2



run that would omplete the proess of heking the LSND result, whih was seen inantineutrino interations. These physis goals were identi�ed as strong priorities bythe reent APS Interdivisional Neutrino Study [2℄, reeting the broad interest of theneutrino ommunity.This extension to the MiniBooNE Run Plan is written in response to the Diretor'sreent ommuniation. In his letter, \Prospets for the Booster Neutrino Beam,"dated August 6, 2004, the statement was made:Collaborations proposing experiments to run in the Booster neutrino beamin FY2006 and beyond should plan their physis program on the basisof 1 � 2 � 1020 POT per year. Proponents may want to disuss whatadditional physis ould be done with somewhat more protons, but theyshould understand that is beyond our present expetations for the beam.On the basis of this letter and the ompelling physis ase presented in this doument,we ask the PAC to endorse that:� 1 � 2 � 1020 POT be delivered in FY2006 to the Booster neutrino beam line;and� higher proton intensity should ontinue to be vigorously pursued.We ask the PAC to endorse our strong physis program for FY2006. As per therequest of the Diretor, we have also outlined the beginning of a multi-year programwhih we plan to present in the future.
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Chapter 2��!�e Osillation Searh
2.1 The Physis of LSND OsillationsThe physis motivation for MiniBooNE and a disussion of the theoretial rami�-ations of LSND osillations are given in the MiniBooNE Run Plan [1℄. One majortheoretial insight that has ome to light sine the Run Plan is the role of CP violationin sterile neutrino models with two or more additional neutrinos.2.1.1 Physis of CP Violating ModelsIf the LSND signal is due to osillations, among the best models to explain all dataare those whih inorporate sterile neutrinos. Models with two or more additionalsterile neutrinos (so-alled 3+n models) provide a good �t to the data [3℄ withoutneessarily violating osmologial bounds.If more than one �m2 ontributes to the osillations, MiniBooNE an be sensitiveto a CP violating (CPV) phase in the mixing matrix. Only appearane measurementsare sensitive to CPV. This is the motivation for CPV searhes at NO�A and T2K,where only the three ative neutrinos are generally assumed. In the ase of LSND-likeosillations, additional CPV phases may a�et the CPV searhes both at long andshort neutrino osillation baselines. For example, in 3+2 models [4℄, CPV phasesan a�et neutrino osillations in short-baseline experiments, where the osillationprobability is given by:P ((�)��!(�)�e ) = 4jUe4j2jU�4j2 sin2 x41 + 4jUe5j2jU�5j2 sin2 x51 + (2.1)8jUe4jjU�4jjUe5jjU�5j sinx41 sinx51 os(x54��54)where xji � 1:27�m2jiL=E and �54 � arg(U�e4U�4Ue5U��5): (2.2)CPV a�ets the osillation probability through the interferene term appearing in theseond line of this equation.As a onsequene of this model, expetations for MiniBooNE neutrino and an-tineutrino running an be signi�antly di�erent. Figure 2.1 illustrates this result for4
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Figure 2.1: For MiniBooNE, the ratio of osillation probabilities in �� and � modesas a funtion of the osillation probability in � mode given 3+2 models allowed byexisting data [4℄. PBooNE and PBooNE represent the ombined ux and ross-setionweighted osillation probabilities for all �'s and ��'s in, respetively, �� and � runningmodes.a sampling of 3+2 models with CPV. For eah point, there exists at least one om-bination of masses, mixings, and CPV phase whih is onsistent with the existingosillation data, inluding LSND, at the indiated on�dene level. The alula-tion uses the MiniBooNE neutrino and antineutrino mode uxes (inluding �e and��e bakgrounds), thereby taking the energy dependene and \wrong-sign"1 neutrinoontamination into aount. The absissa is the MiniBooNE osillation probability inneutrino mode and the ordinate is the ratio of the osillation probability in antineu-trino to neutrino mode. One an see that CP violation may enhane or derease theosillation probability in antineutrino mode with respet to neutrino mode, depend-ing on the mixing parameters. For small values of osillation probability in neutrinomode, CPV generally auses an enhanement (of up to a fator 4) in antineutrinomode.2.2 Three Possible Senarios for a ResultWe antiipate having a �e appearane result before FY2006 running begins, assumingthat the analysis has suÆiently matured. With this result, there are three possibleoutomes: 1) a strong signal on�rming LSND, 2) an inonlusive result, or 3) ade�nitive rejetion of the hypothesis of LSND-like osillations in neutrinos. Whilethe objetives of an extended run may di�er in eah ase, the potential for signi�-ant sienti� output will strongly motivate ontinued running regardless of the �eappearane outome.1Throughout this doument, wrong-sign ontent refers to neutrinos in an antineutrino beam, orantineutrinos in a neutrino beam. 5



2.2.1 Strong SignalIf MiniBooNE sees a signal, it will be an indiation that something interesting andunexpeted is ourring in the neutrino setor. It will �rmly establish that neutrinososillate at three distint �m2 sales. This an only result from new physis suh asthe addition of one or more sterile neutrinos.Having established the osillation with a beam omposed primarily of muon neu-trinos, the ollaboration will work to push this line of researh forward on at leasttwo fronts. First, we will begin planning for the onstrution of additional dete-tors at di�erent baselines. The number of additional detetors and their baselineswill be ontingent on the preision and value of our mixing parameter measurements.Seond, we will ontinue running with the existing MiniBooNE detetor. Further neu-trino running may be needed to better determine the value of the mixing parameters.Alternatively, if we have exhausted the potential of our neutrino data, we will swiththe polarity of the horn and take antineutrino data. The objetives of an antineutrinoprogram are several fold. First, a measurement of the osillation with an antineutrinobeam would have di�erent systemati errors and ould, therefore, strengthen the over-all ase for osillations. Seond, beause MiniBooNE is an appearane measurement,the ombination of osillation results in neutrinos and antineutrinos may have sensi-tivity to CP violation as was disussed in Setion 2.1.1. Finally, even a single yearof antineutrino data would signi�antly improve the state of low energy antineutrinoross setions. The prospets for antineutrino ross setions are disussed in detail inSetion 3.1.2.2.2 Inonlusive ResultAs disussed in detail in the MiniBooNE Run Plan [1℄, with less than 1� 1021 POT,an unfavorable statistial utuation in the rates of either signal or bakground eventsould shift what would otherwise be a de�nitive signal (or limit) into an inonlusiveresult. In this ase, the obvious presription will be to ontinue aumulating statistisin neutrino mode.Under ertain irumstanes, it may be bene�ial to redue the beam deay lengthby inserting the 25 meter absorber. This on�guration hange may help addresssystemati unertainties due to intrinsi �e ontamination in the beam.2.2.3 LSND Exluded in Neutrino ModeIn the ase of a de�nitive exlusion of an LSND-like osillation in neutrinos, it is essen-tial to searh for osillations in antineutrinos, beause, as was shown in Setion 2.1.1,a small (even unmeasurable) osillation rate in neutrinos does not prelude a sizablerate in antineutrinos. This program has been reognized by the reent APS Interdivi-sional Neutrino Study [2℄ as essential to resolving the question of LSND osillations.Our intention in this senario is antineutrino running in FY2006 to be the �rstyear in a multi-year ���! ��e osillation searh. In addition to a ��e appearane searh,there exists strong motivation for exploring ��� disappearane as well as a an importantprogram of antineutrino ross setion measurements, both of whih an be addressed6



in the �rst year of running. The urrent knowledge of antineutrino ross setions inthe range of 500 MeV to 1.5 GeV is poor, and even a single year of MiniBooNE dataat 2�1020 POT ould yield signi�ant advanement. The physis potential of ��� rosssetions measurements, ��� disappearane, and ��e appearane are disussed in detailin the next hapter.
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Chapter 3Antineutrino Running in 2006Whether MiniBooNE on�rms or rules out the LSND anomaly, it is desirable forMiniBooNE to run with antineutrinos. Sine the LSND result was observed withantineutrinos, it is imperative to explore the LSND signal region using antineutrinos.This would inlude both ��� disappearane and ��e appearane searhes. The Mini-BooNE beam line is also a unique tool for studying antineutrino ross setions atlow energy. These studies probe previously unexplored regions, thus providing keyinformation for future programs suh as NO�A and T2K. These possible ross setionmeasurements and osillation searhes are disussed in the following two setions.3.1 Antineutrino Cross Setion MeasurementsThe APS Interdivisional Neutrino Study expliitly supports the:Determination of the neutrino reation and prodution ross setionsrequired for a preise understanding of neutrino osillation physis ...and reommends that the searh for CP violation in neutrino osillations be givenhigh priority [2℄. Future explorations will most likely attempt to measure CP violationby omparing osillation probabilities for �� ! �e versus ��� ! ��e. To aomplishthis, one needs ontrol of the ratio of �=�� ross setions to a better preision than thesize of the expeted asymmetry. In addition, if suh measurements are to be madeusing a nulear target to maximize event statistis, the antineutrino ross setionsannot simply be inferred from the neutrino ross setions sine the nulear e�etsfor neutrino and antineutrino interations are not idential. Figure 3.1 ompares thesize of the expeted nulear e�ets for neutrino and antineutrino quasi-elasti (QE)interations on arbon. As a result of a softer Q2 distribution, the antineutrino rosssetion redution is roughly 20� 30% larger than for neutrino sattering.While published low energy neutrino ross setion data are hardly opious [7℄,measurements of low energy antineutrino ross setions are even more sare. Ad-ditional antineutrino data on nulear targets are learly needed so that interationspetra and bakground rates for antineutrino osillation experiments (inluding ourown) an be estimated with on�dene. Fermilab, through MiniBooNE, an be the�rst to provide these neessary inputs with no additional detetor ost and with theantiipated Booster proton delivery in FY2006.8



Figure 3.1: Size of the estimated nulear e�ets for � (solid) and �� (dashed) CC QEinterations on arbon as a funtion of neutrino energy. Preditions are from theNUANCE Monte Carlo generator [6℄.3.1.1 Expeted ��� Event Rates at MiniBooNEHistorially, antineutrino reations have been more hallenging to measure than neu-trino reations beause aelerator-based antineutrino experiments have su�ered fromlower uxes, lower ross setions, and thus lower overall event rates. Typially, theuxes and ross setions are eah halved, leading to an overall fator of four redutionin antineutrino event rates. Antineutrino beams also have larger wrong-sign ontam-ination than neutrino beams. In the MiniBooNE beam, antineutrinos are roughly2% of events in neutrino running, whereas neutrinos onstitute � 30% of events inantineutrino running.Despite the redution in rate inherent in this and any other antineutrino beam, injust one year of running MiniBooNE expets antineutrino event statistis large enoughto yield interesting and useful ross setion measurements. We expet to use the sametehniques to obtain a preise measure of our inoming ux in this mode as desribedin the MiniBooNE Run Plan [1℄. Table 3.1 lists the expeted antineutrino eventstatistis for 2� 1020 POT at MiniBooNE. As an be seen from this table, the mostabundant interations at MiniBooNE inlude harged urrent quasi-elasti (CC QE),neutral urrent elasti (NC EL), resonant single-pion prodution, and oherent pionprodution proesses. Rates are listed for both right-sign (antineutrino) and wrong-sign (neutrino) interations. Note that wrong-sign interations annot be negletedin antineutrino running, as they an in neutrino running.Given these projeted statistis, this setion desribes potential ross setion mea-surements that an be performed at MiniBooNE. First, we desribe an innovative ap-proah for measuring the wrong-sign ontamination in the antineutrino data, followedby measurements of antineutrino CC QE, NC �0, and CC single-pion ross setions.9



Reation ��� (RS) events �� (WS) events total (���+��)CC QE 32,476 11,234 43,709NC elasti 13,329 4,653 17,982CC resonant 1�� 7,413 0 7,413CC resonant 1�+ 0 6,998 6,998CC resonant 1�0 2,329 1,380 3,709NC resonant 1�0 3,781 1,758 5,539NC resonant 1�+ 1,414 654 2,067NC resonant 1�� 1,012 520 1,532NC oherent 1�0 2,718 438 3,156CC oherent 1�� 4,487 0 4,487CC oherent 1�+ 0 748 748other (multi-�, DIS) 2,589 2,156 4,745total 71,547 30,539 102,086Table 3.1: Event rates expeted in MiniBooNE �� running with 2�1020 POT assuminga 550 m �duial volume, before uts. Listed are the expeted right-sign (RS) andwrong-sign (WS) events for eah reation hannel. These event estimates do notinlude the e�ets of �nal state interations in arbon whih an alter the ompositionof the observed �nal state, and do not inlude e�ets fom reonstrution.3.1.2 Wrong Sign ConstraintsAntineutrino ross setion measurements, using onventional beams, must alwaysonfront a non-negligible neutrino ontamination and MiniBooNE is no exeption.To avoid sole reliane on beam Monte Carlo preditions, suh bakgrounds are om-monly eliminated (at least in the ase of CC interations) by identifying the harge ofthe outgoing muon. Without a magneti �eld to provide suh event-by-event identi�-ation, MiniBooNE has developed several novel tehniques for measuring wrong-signbakgrounds in the antineutrino data, allowing us to make more preise antineutrinoross setion measurements. The wrong-sign ontent is onstrained by three mea-surements: muon angular distributions in QE events, muon lifetimes, and CC single�+ events. The following subsetions desribe eah of these independent approahes.Muon Angular DistributionsThe most powerful wrong-sign onstraint omes from the observed diretion of outgo-ing muons in CC QE interations. As an be seen from Figure 3.2, neutrino and an-tineutrino events exhibit distint muon angular distributions. The �nal state muonsin antineutrino QE interations predominantly follow the initial neutrino diretion| they are more forward peaked than muons from neutrino interations. This samephenomenon is observed in deep inelasti sattering (DIS), in whih CC antineutrino-antiquark sattering is forbidden in the bakwards diretion. In hadroni terms, thesuppression of antineutrino QE sattering at bakward angles arises from the de-strutive interferene between the V A and V V +AA terms in the ross setion. Thisinterferene is onstrutive in the ase of neutrino QE sattering. The exellent an-10
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Figure 3.2: Generated (left) and reonstruted (right) muon angular distributionsfor CC QE right-sign ��� and wrong-sign �� interations in antineutrino running atMiniBooNE. As in Table 3.1, neutrinos are predited to omprise � 30% of the events.Unlike the lefthand plot, the righthand plot inludes non-QE bakgrounds. The highdegree of angular separation persists even after the events have been reonstruted andhave passed CC QE event seletion.gular resolution in MiniBooNE allows us to exploit this di�erene and �t the angulardistributions to extrat the wrong-sign ontribution.Using a detailed Monte Carlo study, we �nd that the wrong-sign omponent anbe reliably measured to 7% of itself after inluding systemati unertainties and bak-grounds. Using generated distributions, we �nd that the unertainty is 5%, indiatingthat the resolution of the event reonstrution and bakground unertainties do notsigni�antly a�et the measurement. We have also studied �ts to Q2 distributionsand ahieved similar results.Muon LifetimesA seond handle results from measuring the rate at whih muons deay in the Mini-BooNE detetor. Due to an 8% �� apture probability in mineral oil, positively andnegatively harged muons exhibit di�erent e�etive lifetimes (� � 2:026�s for �� [8℄and � � 2:197�s for �+ [9℄). Solely using this di�erene, we �nd that the wrong-sign ontribution an be extrated with a 30% statistial unertainty and negligiblesystemati unertainties. While not as preise as �ts to the muon angular distri-butions, this partiular onstraint is unique, as it is independent of kinematis andreonstrution.CC Single �+ Event SampleA third measure makes use of the fat that CC 1�+ events in antineutrino modealmost exlusively result from neutrino interations in the detetor (Table 3.1). The11



dominant CC single pion prodution hannels ontain a �nal state �+ in the aseof neutrino sattering, as opposed to a �nal state �� in the ase of antineutrinosattering.MiniBooNE leanly identi�es CC 1�+ events by loating the two deay eletronsthat follow the primary neutrino interation, one eah from the �� and �+ deayhains [10℄. CC 1�� events are largely rejeted by this requirement beause mostof the ��'s ome to rest and are aptured by arbon nulei, resulting in no deayeletrons. There is a residual bakground from CC 1�0 events in whih the �nalstate pion harge exhanges (�0 ! �+), but this bakground is estimated to besmall, around 2%. The probability for double harge exhange �� ! �+ is highlysuppressed, and an be ompletely negleted. Starting from a sample that is 70%right-sign antineutrino interations, this simple two deay eletron requirement yieldsan 85% pure sample of wrong-sign neutrino events (Table 3.2).Neutrino type # before uts # after CC �+ event seletion�� (WS) 30,539 2,525��� (RS) 71,547 461total 102,086 2,986Table 3.2: Total number of generated events ompared to the number of reonstrutedevents passing the CC 1�+ seletion in antineutrino running assuming 2�1020 POT.Assigning very onservative unertainties to the antineutrino bakground eventsand the CC 1�+ ross setion, whih will be well-measured by the MiniBooNE neu-trino data, yields a 15% unertainty on the wrong-sign ontent in the beam given2� 1020 POT. Inreased statistis yield only marginal improvement in this measure-ment. Gains ould be made by attempting to redue the antineutrino bakgroundsin this sample; however, no suh attempt to optimize the event seletion was madefor this initial study. This measurement is omplementary to the muon angular dis-tribution determination beause CC 1�+ events predominantly result from resonanedeays, and therefore onstrain the wrong-sign ontent at larger neutrino energies.Summary of Wrong-Sign Measurements in the �� DataThis set of three independent measurements (eah of whih have di�erent system-atis and inputs) o�ers a very powerful onstraint on the neutrino bakgrounds inantineutrino mode (Table 3.3).Soure of Measurement WS unertainty resultant error on �� ross setionsCC QE os �� distribution 7% 2%CC 1�+ event sample 15% 5%muon lifetimes 30% 9%Table 3.3: Wrong-sign extration unertainties as obtained from various independentsoures in the �� data. The resultant systemati unertainty on �� ross setion mea-surements is obtained by assuming that wrong-signs omprise 30% of the total events.12



The resulting wrong-sign systemati on any antineutrino ross setion measure-ment is at the 2% level, whih is remarkable for a detetor whih does not possessevent-by-event sign seletion. Given this redundant approah, the wrong-sign on-tamination should not be onsidered prohibitive to produing meaningful antineu-trino ross setion and osillation measurements at MiniBooNE. These tehniquesmay also be useful for other experiments without magnetized detetors whih haveplans to study antineutrino interations (e.g., K2K, T2K, NO�A, Super-K).3.1.3 CC Quasi-Elasti Sattering (��� p! �+ n)Only a handful of experimental measurements exist on antineutrino quasi-elasti sat-tering ross setions (Figure 3.3 and Table 3.4). All ome from bubble hambermeasurements that were made on a variety of target materials with limited statistis.Note, in partiular, that there is a omplete lak of experimental data in MiniBooNE'senergy range, below 1 GeV.

Figure 3.3: Existing experimental measurements of antineutrino QE sattering rosssetions (��� p ! �+ n) o� light (left) and heavy (right) targets. The urves indiatethe preditions from the NUANCE Monte Carlo generator [6℄.< E�� > Experiment target date # ��� QE events2 GeV Gargamelle [11℄ C3H8CF3Br 1979 7661.3 GeV BNL [12℄ H2 1980 1316 GeV FNAL [13℄ NeH2 1984 4056-7 GeV SKAT [14℄ CF3Br 1988 929 GeV SKAT [15℄ CF3Br 1990 1595-7 GeV SKAT [16℄ CF3Br 1992 256Table 3.4: Chronologial listing of previous ��� QE ross setion measurements.13



To ensure the robustness of future CP violation measurements in the neutrinosetor, one would prefer to avoid relying heavily on Monte Carlo preditions andextrapolations into regions where no data exist. MiniBooNE an serve an importantrole in this regard by making the �rst high statistis antineutrino QE measurementbelow 1 GeV. This setion desribes the feasibility of suh a measurement.MiniBooNE expets approximately 40,000 QE interations in antineutrino modewith 2�1020 POT before uts (to be ompared to 766 events from the next most sen-sitive measurement). Applying the same QE event seletion riteria as in our neutrinodata [17℄, yields a sample of � 19; 000 events, 75% of whih are pure QE interations(�� + ��� QE). Roughly 23% of the events are neutrino wrong-sign interations and� 18% are non-QE ��� bakground events (Table 3.5).Event type # events passing CC QE seletionCC QE ��� (RS) 10,893CC QE �� (WS) 3,3321� ��� bakgrounds 3,3411� �� bakgrounds 1,032QE ��� hyperon prodution 329total 18,927Table 3.5: Events passing the CC QE event seletion in �� mode with 2� 1020 POT.Assuming the wrong-sign onstraint from Setion 3.1.2 along with onservative er-rors on the inoming neutrino ux, the bakground ontributions, and event detetiontogether imply that MiniBooNE an measure the antineutrino QE ross setion tobetter than 20% with 2�1020 POT. Hene, even with one year of running, MiniBooNEan obtain an order of magnitude more ��� QE events than previous experiments, andbe the �rst to measure the antineutrino QE ross setion in this energy range.3.1.4 NC �0 Prodution (���N ! ���N �0)To date, there is only one published measurement of the absolute rate of antineu-trino NC �0 prodution, the single largest bakground to future ���! ��e osillationsearhes; this measurement was reported with 25% unertainty at 2 GeV [18℄. Inaddition, reent results from MiniBooNE [19℄ and K2K [20℄ have renewed interest inthe relative rate of oherent versus resonant NC �0 prodution. Current theoretialmodels on oherent �0 ross setions at low energy an vary by up to an order ofmagnitude in their preditions [21, 22℄. Antineutrino sattering is uniquely suitedto improve upon these onstraints given that resonant ontributions derease, whileoherent prodution remains the same [21, 22℄. This e�etively ampli�es the oherentontribution. Beause oherently produed pions are emitted in the very forward di-retion, the relative resonant to oherent rate is revealed in the observed pion angulardistributions. Figure 3.4 ontrasts these distributions for neutrino and antineutrinointerations. In the neutrino ase, the fration of oherent 1�0 events is half thatin antineutrino mode. The oherent ontribution is far more dramati in the an-tineutrino data, thereby allowing a better measurement of the oherent NC �0 ross14



Figure 3.4: Generated �0 angular distributions for NC � (left) and �� (right) satter-ing [6℄. This is the angle of the outgoing �0 in the lab with respet to the � diretion.setion.Using the same uts as in neutrino mode with no further optimization results ina lean sample of antineutrino NC �0 events with a similar event purity and eÆ-ieny [19℄. After this seletion, we expet 1,650 ��� resonant NC �0 events and 1,640��� oherent NC �0 events assuming an exposure of 2 � 1020 POT. Figure 3.5 showsthat the ampli�ation of the oherent sattering omponent learly persists even af-ter reonstrution and event seletion. Also displayed in the �gure is the irreduibleexpeted bakground of roughly 1,000 �� NC �0 events. Their relative ontributionwill be well predited given the onstraints on the wrong-sign ontent in the beam asdesribed in Setion 3.1.2 and the measurement of the �� NC �0 ross setion fromMiniBooNE neutrino data.
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Figure 3.5: Reonstruted �0 angular distributions for events passing the NC �0 eventseletion in �� mode. Shown are the individual ontributions from both ��� and ��resonant and oherent NC 1�0 prodution for this mode of running. The errors onthe simulated �� data inlude both statistial and �t unertainties.15



Sine there are very little existing data on antineutrino NC 1�0 prodution rosssetions, measurement of this rate in antineutrino running at MiniBooNE would beof great value to the neutrino ommunity and in partiular to experiments proposingto look for ���! ��e osillations. In addition, we gain further insight on oherent �0prodution, whih is itself of intrinsi interest. When the oherene length is on theorder of or greater than the 12C nuleus, the ross setion is related by PCAC 1 tothe elasti sattering ross setion of �'s from 12C. The veri�ation of this e�et inMiniBooNE would be the �rst instane of the observation of shadowing, in reationsother than DIS, using an eletroweak probe.3.1.5 CC Resonant Single �� Prodution (���N ! �+N��)In addition to the CC QE and NC 1�0 ross setion measurements that an bemade in antineutrino running at MiniBooNE, further exploration of CC resonantpion prodution rates is equally valuable. Beause of the di�ering isospin ontent ofthe �nal states, the resonanes produed in neutrino and antineutrino sattering aredistint (Table 3.6).neutrino type CC 1� hannel dominant resonane� �� p! �� p �+ �++� �� n! �� p �0 �+� �� n! �� n �+ �+�� ��� n! �+ n �� ���� ��� p! �+ n �0 �0�� ��� p! �+ p �� �0Table 3.6: CC resonant single pion prodution modes for neutrino and antineutrinosattering. The dominant ontributing baryoni resonane is indiated in eah ase.Measuring resonant prodution in antineutrino data allows one to probe the var-ious resonant omponents. The reation ��� p ! �+ p �� holds partiular interestbeause it is muh more sensitive to the e�ets of resonanes beyond the �(1232),interferene between resonanes, and non-resonant omponents. These e�ets areweakly onstrained by limited antineutrino statistis from deades-old bubble ham-ber experiments (Table 3.7).< E�� > Experiment target date # ��� p! �+ p �� events1.5 GeV Gargamelle [24℄ C3H8CF3Br 1979 2825-70 GeV FNAL [25℄ H2 1980 2475-200 GeV BEBC [26℄ D2 1983 30025 GeV BEBC [27℄ H2 1986 3757 GeV SKAT [28℄ CF3Br 1989 120Table 3.7: Listing of previous measurements of CC resonant ��� p! �+ p �� events.1Partially Conserved Axial Current [23℄ 16



At MiniBooNE, roughly 7,000 resonant CC 1�� are expeted with 2� 1020 POTbefore uts. Although most of the emitted ��'s will be aptured by arbon nulei,suh events still produe a signature: two �Cerenkov rings (one eah from the �+ and��) and one Mihel eletron from the muon deay. While promising, the seletioneÆieny and purity of suh events is unknown at this time. Further investigation isurrently underway.3.2 Osillation SearhesIn addition to ross setion advanements that an be made in one year of antineutrinorunning at MiniBooNE, several important osillation senarios an also be explored.These inlude ��� disappearane and ���! ��e appeareane searhes.3.2.1 ��� DisappearaneIn sterile neutrino osillation models, the rate of (�)�� disappearane an be signi�-antly larger than (�)��!(�)�e appearane. Therefore, this searh has the potential toprovide information on additional mixing parameters as well as on�rmation of theLSND signal. A disappearane searh in antineutrino mode also provides a powerfultest of CPT invariane. While CP violation an only be observed in an appearaneexperiment | by observing an asymmetry between the appearane rates in neutrinosand antineutrinos | the appearane mode is unable to distinguish if the asymmetryis the result of CP or CPT violation. As a result, one needs to additionally searhfor an asymmetry in a disappearane experiment. Moreover, the potential for a largerdisappearane rate means that a disappearane asymmetry may be observable evenif an appearane asymmetry is not.The MiniBooNE disappearane sensitivity is estimated using the same event se-letion and systemati errors in neutrino and antineutrino running modes. The eventseletion results in an 80% pure CC QE sample with 50% eÆieny within the �duialvolume [1, 17℄. This event seletion reets the urrent status and will likely improve.The systemati errors in the osillation �t are dominated by unertainties on theshape of the neutrino energy distribution, assumed to be 5%. These preliminarysystemati errors represent the eventual goals of the �� disappearane analysis.The resultant MiniBooNE 90% on�dene level ��� ! ��x sensitivity, for 2 � 1020POT, is shown shown in Figure 3.6 under both CPT onserving (Figure 3.6a) andCPT violating (Figure 3.6b) assumptions. In the CPT onserving ase, both ��'s and���'s in the antineutrino data are assumed to osillate, whereas in the CPT violat-ing ase, only ���'s are assumed to osillate. For omparison, the �� disappearanesensitivity, expeted by the end of FY2005, is shown in Figure 3.6a. Only a modestimprovement in sensitivity is expeted with inreased statistis beause both the ��and ��� disappearane analyses are systematis limited.The strongest existing limit on �� disappearane omes from CDHS [29℄, as shownin Figure 3.6a. However, in the ontext of CPT violation, this limit does not applyto the ��� disappearane searh. In this ase, the best ��� disappearane limit omes17
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Figure 3.7: Sensitivity to ���! ��e osillations assuming no ��! �e osillations using anenergy spetrum �t. Shown in blue is the allowed 90% CL region from a joint analysis ofthe KARMEN and LSND ���! ��e osillations results [5℄. Left (right) panel shows the resultfor 6�1020 (3� 1020) POT.running mode, the intrinsi �e + ��e bakground is a omparable fration of the totalevent rate in both neutrino and antineutrino running. Here, we ompare the sensi-tivity to the joint KARMEN-LSND region (�� only) [5℄ as opposed to the full LSNDallowed region (�+ ��). This smaller region provides the orret omparison given thedi�erene in neutrino and antineutrino rates possible through CP violation.Figure 3.7 shows two stops along the path toward deisive resolution of the LSNDquestion in antineutrino mode. Delivery of 3� 1020 POT yields marginal (90% CL)overage of the KARMEN-LSND joint allowed region. 6� 1020 POT results in sub-stantial (3�) overage. This is a statistis-limited searh, thus further running willyield an even stronger statement. This should not be onsidered as a diret POTrequest at this time. As per the suggestion of the Diretor, we plan to make a formalrequest in 2005 for the protons on target needed for long-term running.
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Chapter 4ConlusionsThe LSND evidene for ��� ! ��e appearane via neutrino osillations is one of themost intriguing issues in partile physis today. If on�rmed, the landsape of neu-trino physis would be drastially altered, possibly by the addition of a new lass ofpartiles in the form of sterile neutrinos and new manifestations of CP violation. Mini-BooNE is uniquely positioned to address the LSND result with data taken throughFY2005 in neutrino mode. Analysis of the data is in progress, with the goal of pro-duing a �rst result on �� ! �e osillations in the autumn of 2005. At that point,the ollaboration has two options for how to proeed for the FY2006 run: ontinuein neutrino mode or swith to antineutrino running.In the event of an inonlusive result that ould stem from statistial utuations,MiniBooNE would ontinue in neutrino mode to strengthen the statistial signi�aneof the existing result. The ase for this program has been disussed in detail in theMiniBooNE Run Plan presented to the PAC in the Fall of 2003.In the event of a strong on�rmation of LSND, MiniBooNE may ontinue runningin neutrino mode to better measure the osillation parameters, or we may deideto reverse the polarity of the fousing horn and run with an antineutrino-enhanedbeam. If LSND-like �� ! �e osillations are strongly exluded, MiniBooNE wouldhoose to run with antineutrinos. In this doument, we have outlined an importantprogram of antineutrino physis that ould be performed in this on�guration withthe 1 � 2 � 1020 POT expeted in FY2006. This inludes dramati improvementsin our knowledge of ��� ross setions, and a searh for ��� disappearane that wouldprobe signi�antly further in osillation parameter spae than urrent limits. Theross setion measurements are a neessary prelude to searhes for CP violation inneutrino osillations, inluding a ��� ! ��e searh at MiniBooNE that ould be per-formed in a longer antineutrino run. A proposal for an extended antineutrino runwould, in this ase, be submitted to the PAC in 2005, and inlude a spei� POTrequest.We ask the PAC to endorse this strong physis program for FY2006 and reom-mend 1 � 2 � 1020 POT be delivered to the MiniBooNE beam line. Furthermore,we ask the PAC to reommend that the laboratory ontinue to pursue a vigorousprogram to inrease proton delivery. 20
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